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Materials and Methods:
Cell Culture and Transfection: N2a cells were cultured in Dulbecco's Modified Eagle's Medium (Sigma-Aldrich, D5796) with 10% Fetal Bovine Serum, penicillin-streptomycin antibiotics, and amphotericin B at 37C in 5% CO 2 and 95% air. pCMV 10 3X FLAG FUS and pEGFP-C3 FUS constructs were generated in previous studies (1) and the Polio IRES luciferase translation reporter construct was a generous gift from Dr. Tianyan Gao (2) . WT, 39, GPX-1 WT, and GPX-1 PTC NMD reporters were a gift from Dr. Jens Lykke-Andersen. Plasmids were transfected into N2a cells and primary cortical neurons using Lipofectamine 2000 (Life Technologies, 11668).
Primary Neuron Isolation and Culture: The mouse primary cortical neuron cultures were prepared as previously described (3) . Briefly, neonatal mouse pups (strain C57BL/6, Jackson Laboratory) were sacrificed via decapitation and their brains were removed. Neurons were dissociated from glial cells using trypsin and treated with 5-Fluoro-2′-deoxyuridine (SigmaAldrich, F0503) to kill dividing cells. Neurons were maintained in Neurobasal Medium (Life Technologies, 21103049) with B27 supplement (Life Technologies, 17504044), L-glutamine, and penicillin/streptomycin. Four days after plating on poly-D-lysine coated, cells were transfected using above described method.
Patient Skin Fibroblast Culture: Human skin fibroblasts were prepared and maintained as previously described (4) . Briefly, a skin punch was obtained from consenting patients with symptomatic ALS and family members free of disease. Brief information on the subjects is shown below. The biopsies were washed in phosphate-buffered saline (PBS), minced, and incubated in fibroblast growth media (MEM [Sigma-Aldrich, M5650]) supplemented with 20% FBS, 2 mM L-glutamine, 100 unit/mL penicillin, and 100 μg/mL streptomycin) at 37°C under 5% lysate was applied to each well and vacuum pressure was applied. The wells were washed with lysis buffer three times and the membrane removed for either western blotting using anti-FLAG antibody (Sigma-Aldrich, A8592) or mass spectrometric analysis.
Native Gel Electrophoresis. Cells were harvested with RPIA or hypotonic low detergent lysis buffer, and homogenized by either passing through a 23-gauge needle. Cell lysates were centrifuged at 20,000 × g at 4 °C for 10 min. The supernatant (50 μL) was taken out and mixed with 10 μL 6× loading buffer (350 mM Tris·Cl, pH 6.8, 30% (vol/vol) glycerol, 0.24% SDS, 0.02% bromophenol blue). Samples were loaded on a 6% (wt/vol) polyacrylamide gel soaked in detergent-free running buffer (25 mM Tris, 192 mM glycine). A total of 75 V was applied for stacking and 120 V was applied for separating. Subsequently, the gel was incubated with transfer buffer (25 mM Tris, 192 mM glycine, 10% (vol/vol) methanol) supplemented with 0.25% SDS at 70 °C for 10 min. After the denaturation step, the gel was ready for transferring and Western blotting following the same procedure as described earlier.
LC-MS/MS:
The membrane dots were subjected to trypsin digestion and the resulting tryptic peptides were subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) as previously described (3). Briefly, LC-MS/MS was performed using an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) and LC-MS/MS data were processed with a local Mascot server (version 2.3, Matrix Science) for protein identification. Methionine oxidation and cysteine carbamidomethylation were allowed side chain modifications. False discovery rate of 1% was used in decoy search for the high-confidence peptides. Proteins were considered significant identifications if they met the following criteria: 1) the proteins had at least one unique peptide;
2) the identified protein had a score above 36; 3) they were unique in any of the samples.
Enrichment Analysis: Proteins identified in FUS inclusions were subjected to functional enrichment analysis using an integrative online enrichment analysis tool Enrichr (5, 6) that allows the examination of protein lists using a variety of libraries. Using the mouse exome as the universe for the enrichment, proteins were analyzed based on their function using the GO:
Molecular Function database (7, 8) and their disease relevance using the DISEASES database by boiling with Laemmli sample buffer (Bio-Rad, 161-0737). Eluates were run on SDS-PAGE gels followed by immunoblotting.
Immunoprecipitation followed by qPCR: To measure mRNA bound with protein of interest, immunoprecipitation was performed as described above. One difference is that SUPERaseIn (ThermoScientific; AM2696) was included in the RIPA buffer along with protease inhibitors. After immunoprecipitation, the bead slurry was split into two aliquots. One was for protein elution and immunoblotting as described above. The other was transferred to a new tube for RNA isolation using Trizol reagent per manufacturer instructions. Equal amounts of isolated RNA were used for cDNA synthesis using the SuperScript III First Strand Synthesis System (ThermoScientific; 18080051). qPCR was performed using SYBR Green (ThermoScientific; 4309155) and quantitative results were obtained using the CT method. Primers used in this study are listed in Supplemental Data.
Translation Reporter Assay: Protein translation efficiency was measured using a cap-dependent translation reporter assay as previously described (2) . Briefly, N2a cells were transfected with the reporter plasmid along with empty vector, WT or mutant FUS. After 48 hours, cells were harvested and lysed followed with luminescence measurement using the Promega luciferase assay kit (Promega, E2940). The cap-dependent Renilla luciferase activity was compared to that with empty vector. The Firefly luciferase activity was used as a transfection control.
SUnSET Assay: N2a cells were transfected with 3X FLAG FUS and after 48 hours incubated with 1M puromycin (P8833, Sigma) for thirty minutes. Cells were washed with PBS to remove residual puromycin. Cells were lysed using 1x RIPA buffer and centrifuged at 1,000xg. Lysates where then run on an SDS-PAGE gel and transferred to a nitrocellulose membrane for western blotting with anti-puromycin antibody (Millipore, MABE343). Puromycin staining in lanes was measured using Bio-Rad imaging software and normalized to actin. S-Methionine and took the beta particle count on the scintillation counter.
7' Methyl-guanosine Pulldown: N2a cells were transfected with 3X FLAG FUS and after 48 hours, lysed using 1x RIPA buffer. The lysate was spun at 1,000xg and precleared using
Sepharose beads (Sigma-Aldrich, CL4B200). After preclearing, the lysates were incubated with 7' Methyl-guanosine residues conjugated to agarose beads and incubated at 4C overnight (JenaBiosciences, AC-155S). Beads were washed three times and the bound proteins were eluted by boiling with Laemmli sample buffer (Bio-Rad, 161-0737). Eluates were run on SDS-PAGE gels.
Bromouridine Immunoprecipitation: N2a cells were transfected with 3X FLAG FUS and after 24 hours incubated with 1M bromouridine (BrU) (Sigma Aldrich, 850187) for 24 hours. Cells were washed with PBS to remove residual BrU. Protein and RNA were crosslinked using a StrataLink
Crosslinker (254nm, 1200kJ). Cells were lysed using 1x RIPA buffer and centrifuged at 1,000xg.
Crosslinked lysate was incubated with anti-bromodeoxyuridine to immunoprecipitate RNA and Protein G UltraLink Resin (Thermo Scientific Pierce, 53126) overnight at 4C. Beads were washed three times and the bound proteins were eluted by boiling with Laemmli sample buffer (Bio-Rad, 161-0737). Eluates were run on SDS-PAGE gels followed by immunoblotting.
NMD Reporter Assay: N2a cells are co-transfected with 3X FLAG FUS and pcDNA NMD reporter (-globin WT, -globin PTC39, GPX-1 WT, GPX-1 PTC) that were previously reported (10) . Cells were harvested 48 hours after transfection and RNA was extracted using Trizol, purified of plasmid using RQ1 RNase free DNase (Promega, M6101), purified again using a phenol/chlorophorm method, and subjected to qPCR.
RNA Stability Assay: N2a cells were transfected with 3x FLAG FUS constructs. After 48 hours, cells were treated with 1 µM ActinomycinD (Sigma-Aldrich; A1410) for two or four hours, or DMSO for four hours for experiments examining UPF1, UPF3b, and UPF3a stability. The same concentration of ActinomycinD was used for examining the stability of ATF3, ATF4, TBL2, and
CyclophilinD, but a time course of one, two, or three hours, or three hours with DMSO was used. RNA was isolated using Trizol as described above and subject to qPCR.
Statistics: Western blot band and lane quantification was done using BioRad Imaging Software.
In assays using patient fibroblasts, mutant band intensity ratios were pooled into one group. replicates. No statistical significance was found among samples using a Students T-test.
